Introduction
In alcoholic patients, acetaldehyde is produced in excess by the oxidation of ethanol in hepatocytes through the action of alcohol dehydrogenase. Whereas in the normal state acetaldehyde is rapidly oxidized to acetate by acetaldehyde dehydrogenase, in cases of acute or sustained alcohol intake acetaldehyde accumulates and becomes detectable in the blood and in liver tissue (Lieber, 1991) . Acetaldehyde is a short and diffusible molecule which readily reacts in vitro and in vivo with proteins and other nucleophilic biomolecules to form both stable and unstable condensation products, known as adducts Uennett et al., 1990) . It has been suggested that the formation of acetaldehyde-protein adducts (APAs) is involved in the pathogenesis of ethanol-induced hepatic lesions (Worrall et al., 1993) . Several mechanisms have been proposed: (a) APA formation may lead to impairment in the biological functions of pro-teins (Nicholls et al., 1992) ; and (b) proteins modified by acetaldehyde would constitute targets for immune-mediated cell injury (Tuma and Klassen, 1992) . Antibodies against APAs have been found in the sera of alcoholic patients and, to a lesser extent, in nonalcoholic patients. In both cases the antibody titer increases with the severity of liver damage .
To investigate the localization of APAs in liver tissue, immunohistochemical studies have been performed with specific antibodies (Holstege et al., 1994; Niemela et al., 1990a) . At the light microscopic level, APAs have been demonstrated mainly in the cytoplasm of perivenular hepatocytes, where acetaldehyde production is the highest. Moreover, a recent immunohistochemical study also detected APAs in the areas of active fibrogenesis in liver biopsy specimens from alcoholic patients (Holstege et al., 1994) . In this study, the presence of APAs in the areas of fibrogenesis was shown to be predictive of progression of liver fibrosis. It is therefore important to more precisely define the cellular and subcellular localization of APAs in liver tissue during chronic alcohol intake. To address this question, we performed, as a first step, an ultrastructural immunohistochemical study of human liver biopsy specimens showing different degrees of alcoholic lesions, to determine the subcellular localization of APAs in hepatocytes and to search for the presence of APAs in other types of liver cells. Because Ito cells strongly expressed APAs, we tested, in a second step, the capacity for Ito cells exposed to ethanol or acetaldehyde to form APAs, by incubating rat Ito cells in the presence of various concentrations of these molecules.
Materials and Methods
Tissue Specimens. Liver biopsies for &agnostic purposes were performed in eight alcoholic patients. Histological diagnoses were steatosis in two cases, steatofibrosis in four cases, and cirrhosis in two cases. One part of the biopsy specimens was processed for histological examination. The remaining part was immediately fixed in 4% paraformaldehyde (Merck; Darmstadt, Germany) in 0.1 M phosphate buffer, pH 7.4 (PBS). rinsed in PBS, and then frozen in liquid nitrogen.
Preparation of Antibodies Against MAS. Polyvalent antisera were generated as previously described (Palinski et al., 1990) . Briefly, rabbits were immunized with homologous low-density lipoprotein (LDL) which had been modified in vitro with acetaldehyde. LDL (1.020-1.057 glml) was prepared from 10 ml rabbit blood plasma by sequential ultracentrifugation by using 2.7 mM ethylenediaminetetraacetic (EDTA), 2 mM benzamidine, 10 pM of o-phenylalanine-L-prolyl-L-arginine-chloromethyl ketone, 0.01% aprotinin. 50 pglml chloramphenicol, and 100 pglml gentamicin to counteract proteolysis. p-Phenylmethanesulfonyl fluoride (1 mM) was added to the plasma after separation of blood cells. LDL was dialyzed awnst PBS (0.14 M) containing 0.1 mM EDTA, 1 mM p-phenylmethanesulfonyl fluoride, and antibiotics.
Ethylation of proteins was performed in tightly capped microtubes. Solid sodium cyanoborohydride (59 mM) was added to 10 mg purified LDL or human serum albumin diluted in PBS containing 0.1% EDTA, pH 7. at 4'C. Acetaldehyde was included in six aliquots at 10-min intervals with gentle magnetic stirring to obtain a final concentration of 40 mM. After the ethylation procedure, excess reagents were removed by extensive dialysis against PBS. The extent of derivatization of lysine residues was 28% and 53% for LDL and albumin, respectively, asestimated by the trinitrobenzene-sulfonic acid assay (Habeeb, 1966) .
Primary immunization of rabbits consisted of an intradermal injection of 130 pg of antigen in 0.5 ml PBS, suspended in 0.5 ml of Freund's complete adjuvant. For booster injections, 100 pg of antigen in Freund's incomplete adjuvant were administered IM and sc at 14-day intervals. After the third immunization blood serum was collected. Specificity of the antibodies was tested by Western blotting using modified and nonmodified rabbit LDL and human albumin as antigens. The antibody was specific for the APAs, since it reacted with acetaldehyde-modified LDLor albumin but not with the native proteins, as previously demonstrated (Holstege et al., 1994) .
Ultrastructural Immunohistochemistry. A preembedding technique with indirect immunoperoxidase was applied to 12-pm-thick sections of paraformaldehyde-fixed, frozen liver tissue. Sections were incubated overnight at 4°C with the primary antibody diluted 1400 in PBS 0.1 M. pH 7.4, then with a peroxidase-labeled, species-specific mouse anti-rabbit immunoglobulin F(ab)z antibody (Immunotech; Marseille-Luminy, France) diluted 1:500 in PBS. Peroxidase activity was revealed according to the method of Graham and Karnovsky (1966) . Sections were then postfixed in osmium tetroxide (Graham and Karnovsky, 1966) . dehydrated in graded alcohols and in propylene oxide, then included in epoxy resin (Agar Aids; Stansfeld. England). Ultrathin sections were cut with a Reichert ultramicrotome and examined without further staining in a Siemens Elmiskoop IA.
Isolation and Culture of rat Ito Cells. Isolation and culture of rat Ito cells were performed as described previously . Male Wistar rats (300 g) were anesthetized by IP injection of ketamine (100 mglkg) and xylazine (2 mglkg.). After the peritoneal cavity was opened, the portal vein was canulated with a 16-gauge needle. The liver was perfused with 75 ml calcium-free HBSS and subsequently digested by perfusion with 100 ml HBSS, containing 1.2 mM CaC12 and 0.1% Pronase (Boehringer; Mannheim. Germany) at a flow rate of 15 mllmin aqd at 3 7 T , followed by perfusion with HBSS containing CaC12.0.1% Pronase, and 0.015% collagenase I (Boehringer) for about 30 min. The liver was excised, placed into the latter buffer containing 20 pg/lOO ml DNAse I (Sigma Chemicals; Deisenhofen, Germany), and minced into pieces. The cell suspension was filtered through a sieve (60 mesh) and incubated for 30 min in a shaking water bath at 37°C. The cells were washed three times at 450 x g for 5 min at 4-C using a Schwartz buffer, pH 7.4. The resulting cell pellet was resuspended in 8 ml HBSS containing 3 g/liter bovine serum albumin (BSA) and mixed with 8 ml of 28.7% (wlv) Nycodenz (Life Technologies; Eggenstein. Germany) in sodium-free HBSS. We generated the gradient by placing 9 ml of the HBSS-BSA solution on the top of the cell suspension in a SO-ml centrifugation tube. After centrifugation at 1400 x g for 30 min, the cells were aspirated from above the interface and washed twice in Dulbetco's modified Eagle's (DME) high-glucose medium (Biochrom; Berlin, Germany). Then they were cultured under an atmosphere of 5% C02-95% air in tissue culture dishes (Becton Dickinson; Heidelberg, Germany) using DME medium containing gentamycin 50 mg/liter and 10% fetal calf serum. Cells were plated at a density of 2-3 x lo6 cells on uncoated polystyrene p60 dishes (Becton Dickinson). Medium was changed every day during the first week and cells were passaged after 7 days of culture on coverslip dishes (Becton Dickinson). Ito cells were identified on the basis of their typical autofluorescence at a 328-nm excitation wavelength, staining of lipid droplets by oil red 0, and immunohistochemical staining with a monoclonal antibody against desmin. According to these procedures, the mean purity of freshly isolated Ito cells was 90% 2 5%.
The passaged Ito cells were cultured for 2 days before they were incubated in the presence of either ethanol or acetaldehyde. After two washes with PBS, pH 7.4, and a 1-hr preincubation period with serum-free DME medium, ethanol, or acetaldehyde was added to a final concentration of 100 or 200 VM. After a period of incubation ranging from 2 to 96 hr ( 2 , 6. 18, 24, 48, 96 hr) , cells were washed three times with PBS and fixed in 4% formaldehyde for 10 min. For each time course, controls included Ito cells incubated in the presence of DME instead of ethanol or acetaldehyde. Each experiment was repeated three times.
Immunohistochemistry was carried out using the polyclonal antibody raised as described before. After three rinses in PBS. cells were incubated fur 1 hr at room temperature (RT) with the antiserum at a dilution of 1:500 In PBS, 5 % BSA. After subsequent rinses, cells were incubated with biotinylated goat anti-rabbit IgG (Vector Laboratories; Burlingame, CA) at a k100 dilution in PBS for 30 min at RT. Plates were rinsed and labeling was revealed using the avidin-biotin-peroxidase complex as described by rhc manufacturer (Vectastain Kit; Vector Laboratories). Peroxidase was detected using 9-amino-ethyl carbazole as substrate. Negative controls were performed by replacement of the primary antibody by either preimmune serum or PBS.
Results

Imnzunohistochemicul Results
Results are summarized in Table 1 . In all patients examined, a variable proportion of hepatocytes was labeled (Figure 1 ). APAs were detected mainly in two subcellular compartments: endoplasmic reticulum and peroxisomes. In the endoplasmic reticulum, reactivity was mainly restricted to the rough profiles, where labeling was restricted to the membrane of cisternae ( Figure Ib) . Labeled cisternae were scattered throughout the cytoplasm and were usually closely admixed with unreactive profiles. In peroxisomes, labeling was restricted to the core matrix ( Figure IC) . It was granular and homogeneously distributed. No labeling of the peroxisomal membrane was detected. Only a fraction of peroxisomes, variable from case to case, was labeled in each hepatocyte. Reactive peroxisomes could be detected in close proximity to unreactive ones (Figure IC) . In most cases, a granular reactivity could be detected in the form of scattered deposits throughout the cytosol of hepatocytes ( Figure IC) . In a few hepatocytes granular deposits were also observed in the nuclear matrix. No reactivity was detected in mitochondria ( Figures Ib and IC) . The hepatocyte plasma membrane was constantly unreactive (Figures Id, 2a, and 2b) .
In two patients with steatofibrosis and in the two patients with cirrhosis, a labeling of Ito cells was observed (Figures 2a and 2b) . The subcellular distribution of APA was different from that observed in hepatocytes. The labeling was mainly restricted to the plasma membrane and to the immediately adjacent submembranous cytoplasm (Figures 2a and 2b) . Reactivity was detected all over the plasma membrane or, more often, was localized to stretches of variable length, usually rich in plasmalemma1 caveolae ( Figure  2b) . No reactivity of the intracellular organelles was usually observed (Figures 2a and 2b) . In cytoplasmic processes located within the space of Disse, an intracytoplasmic fibrillar labeling was observed ( Figure Id) . Coarse, granular deposits could occasionally be detected in the nuclear matrix of some Ito cells.
In areas of fibrosis, myofibroblasts were detected as spindleshaped cells presenting long cytoplasmic processes (Figure 2c) . A strong, diffuse cytoplasmic staining was observed in myofibroblast cells. In most cases this staining assumed a distinctly fibrillar appearance (Figure 2d ). The plasma membrane was constantly but heterogeneously labeled. Staining predominated along stretches rich in caveolae (Figure 2d ). No labeling of extracellular matrix components was detected in any case. In particular, collagen fibers were constantly negative.
Negative controls obtained by omission of the primary antibody were constantly negative (Figures la and 2c ).
APA Expression in Rat It0 CeZh
After incubation in the presence of ethanol or acetaldehyde, Ito cells were immunostained with the anti-APA antibody. No stain-ing was observed in cells incubated with ethanol, whatever the concentration or the period of incubation. By contrast, when cells were cultivated in the presence of acetaldehyde, labeling was obvious and was restricted to the cytoplasm, with enhancement of staining in the perinuclear area. In the cytoplasm a diffuse fibrillar staining was obvious in all Ito cells (Figure 3a) . No labeling was observed on the nucleus. Dose ranging and time course experiments gave similar results in the three experiments performed. No difference in staining intensity was observed according to the two acetaldehyde concentrations tested (100 or 200 pM). Although light staining was observed after short incubation time (2 hr), immunostaining appeared to become stronger with longer times of incubation. Incubation of Ito cells without acetaldehyde did not induce any APA formation, as detected by immunohistochemistry. No staining was observed in the negative controls (Figure 3b ).
Discussion
Immunohistochemical studies at the light microscopic level have previously demonstrated the presence of APAs in liver biopsy specimens of alcoholic patients (Holstege et al., 1994; Niemela et al., 1790a) . In the present study we confirm these data and we accurately define, by ultrastructural immunohistochemistry, the cellular and subcellular localization of the APAs in the liver.
APAs were mainly detected in the cytosol, the rough endoplasmic reticulum, and the peroxisomes of hepatocytes in all the liver biopsy specimens studied. Furthermore, we observed in four cases of severe alcoholic liver diseases a labeling of Ito cells that was restricted to the plasma membrane and the submembranous cytoplasm. The involvement of Ito cells in APA production is reinforced by in vitro experiments. These results support the role of APAs in alcoholic liver fibrosis.
The results of our ultrastructural study, identifying the presence of APA in the rough endoplasmic reticulum and in the peroxisomal compartments of hepatocytes, concur well with the intracytoplasmic granular staining of hepatocytes observed at the light microscopic level (Holstege et al., 1994; Niemela et al., 1990a) . They also are in accordance with the results obtained after subcellular fractionation, which showed the presence of APAs in both cytosolic and crude membrane fractions (Nicholls et al., 1994) . Our observations strongly suggest that APA formation occurs locally at the sites of acetaldehyde production, since cytosol, rough endoplasmic reticulum, and peroxisomes correspond to the three sites of acetaldehyde production in hepatocytes, through, respectively, alcohol dehydrogenase, the microsomal ethanol oxidizing system (MEOS), and peroxisomal catalase (Lieber, 1991) . It is noteworthy that cytochrome P450-IIE1, an inducible enzyme which is part of the MEOS found in microsomes, and a yet undefined 37-KD protein located in the cytosol have already been shown to form APAs in other studies (Lin and Lumeng, 1989; Behrens et al., 1988) . Proteins that can form APAs in the peroxisomes have not been yet identified.
The localization of APAs in Ito cells and myofibroblasts might be of particular relevance. Ito cells constitute the principal effector cells of hepatic fibrosis (Friedman et al., 1985) . During liver fibrogenesis, Ito cells proliferate and acquire the phenotypic character- istics of a transitional myofibroblast cell, capable of producing large amounts of extracellular matrix proteins (Martinez-Hernandez, 1985) . There arc some arguments that suggest a link between APAs and cxtracellular matrix. First, the titer of circulating antibodies against APAs is higher in the sera of patients with alcoholic liver disease associated with intense fibrogenesis. such as alcoholic heparitisand active fibrosis (Worrall et al., 1990) . Second, in experimental models and in human liver cirrhosis. some authors have shown that acetaldehyde can form APAs with procollagen Type I (Baraona et al., 1003) and collagen Type 111 (Jukkola and Niemela. 1989) . two major components of the liver extracellular matrix mainly produced by activated Ito cells and myofibroblasts. Finally, a light microscopic immunohistochemical study has shown APA located in areas of active fibrogenesis. where Ito cells proliferate (Holstege et In the present work, Ito cells were not labeled in the cases of steatosis. However Ito cells exhibited strong labeling in four patients with steatofibrosis or cirrhosis, in which active fibrogenesis is taking place. In these cases. dense labeling restricted to the plasma membrane and the submembranous cytoplasm was observed. In myofibroblasts located in the portal tracts and the fibrous septa, the cytoplasmic staining was diffuse and distinctly fibrillar. The labeling of the long cytoplasmic processes of myofibroblasts is likely to be responsible for the apparently extracellular staining described in a previous light microscopic study (Holstege et al.. 1994 ). Our al., 1004).
ultrastructural results therefore suggest that APAs. absent in quiescent Ito cells, appear and increase in parallel to their activation into a transitional myofibroblastic phenotype. The localization and the fibrillar aspect of the labeling of Ito cells and myofibroblasts strongly suggest that APAs might be linked to a protein produced during activation of Ito cells, such as extracellular matrix protein or a cytoskeletal protein. This hypothesis would be in keeping with the intense extracellular matrix protein synthesis or the dramatic reorganization of the cytoskeleton known to occur during activation of Ito cells in fibrogenesis or in culture. Thus far, among cytoskeletal proteins only tubulin has been shown to be able to form APAs (Jennett et al., 1989; Tuma et al., 1987) . Further studies are necessary to characterize the nature of APAs detected in Ito cells and myofibroblasts.
Two hypotheses might explain how APAs are formed in Ito cells: (a) acetaldehyde is produced in Ito cells and locally forms APAs, or (b) acetaldehyde reaches Ito cells by diffusion from hepatocytes and passes the plasma membrane to bind to submembranous cytoplasmic proteins. The first hypothesis is unlikely because the necessary enzymatic equipment to transform ethanol into acetaldehyde has never been demonstrated in Ito cells. Furthermore. no labeling was observed when cells were incubated with ethanol. To test the second hypothesis, cultures of rat Ito cells in their transitional myofibroblast phenotype were incubated in the presence of acetaldehyde. APAs were detected in the cytoplasm of these cells in a fibril-lar pattern, and staining intensity increased with time of incubation. This result strongly suggests that acetaldehyde could diffuse through the plasma membrane of Ito cells to form APAs within the cytoplasm. Further studies are necessary to determine the type of transport involved in the passage of acetaldehyde through the plasma membrane of Ito cells.
It has been suggested that an immune-mediated reaction may be triggered to acetaldehyde-modified proteins bound to hepatocyte membrane, The presence of APAs on the hepatocyte surface has been reported by Lin et al. (1992) by using flow cytometry in an experimental model. However, our study, in accordance with other ones (Niemela et al., 1990a) , do not confirm this hypothesis, since we found the hepatocyte plasma membrane consistently unstained. It is of note that the experimental conditions used by Lin et al. (1992) were very different from those observed in human alcoholics, which could explain discordant results. Our data suggest that Ito and myofibroblast cells, by expressing APAs on their membranes, could trigger the immune reaction. This latter hypothesis is supported by a previous study showing that the highest levels of circulating APA antibodies are observed in alcoholic hepatitis and active cirrhosis, situations in which Ito cells are activated and express APA on their plasma membrane. However, this hypothesis remains to be proved because, to date, there is no evidence showing that fat-storing cells could act as antigen-presenting cells. Although cytoplasmic staining was observed in both Ito cells from human liver biopsies and cultured rat Ito cells, some differences were observed in the staining pattern. APA staining appears stronger and more dense in human than in rat Ito cells, and in our in vitro model of rat Ito cells plasma membranes were unstained. These results could be related either to interspecies variations or to modifications of cell shape induced by culture conditions. In our study, as in a previous one (Niemela et al., 1990a) . labeling was occasionally observed in the nuclear matrix of a few hepatocytes, Ito cells, and myofibroblasts. This might indicate the presence of APAs in the nuclei of some liver cells. It is of note that in vitro experiments demonstrated that nuclear proteins, such as histone Hi, and nucleic acids can form APAs (Niemela et al., 1990b) . Moreover, it has been shown that the formation of acetylated-modified histone HI affects its binding to DNA, resulting in the increase of collagen gene transcription. In liver fibrosis, Ito and myofibroblast cells are the main source of extracellular matrix proteins and we can speculate from these data that APAs located in the nuclear matrix are involved in the transcriptional regulation of the collagen gene.
In conclusion, by ultrastructural immunohistochemistry, APAs were detected in liver biopsy specimens from alcoholic patients not only in hepatocytes but also in Ito cells and myofibroblasts. Our in vitro study suggests that APA formation in Ito cells and myofibroblasts might depend on acetaldehyde produced by hepatocytes and released into the hepatic microenvironment. Our findings reinforce the hypothesis that APA formation contributes to liver fibrogenesis.
